Ten growing heifers were either exposed to or protected from solar radiation, offered a diet of either high ( H ) or low ( L ) ME, and fed either in the morning or afternoon during a hot summer. Heifers that consumed the H diet had a greater water intake, DMI, metabolizable energy intake, energy expenditure, and retained energy than heifers that consumed the L diet. Solar radiation did not have an effect on any of these variables. Furthermore, dietary energy and time of measurement had an effect on rectal temperature (Tr), respiration rate (RR), heart rate (HR), and rate of oxygen uptake (VO 2 ) ; solar radiation had an effect on Tr and RR but not on HR and VO 2 ; and time of feeding had an effect only on VO 2 . Heifers coped with greater heat loads by increasing RR and the difference in Tr between morning and afternoon. It seems that a lowered body temperature in the morning is a physiological mechanism used by animals to prepare for the heat load that develops during the day. Heat production (HP) and HR throughout the day were affected mainly by the time of feeding and not by the environmental heat load. Feeding in the afternoon increased HP in the cooler hours of the day when heat losses from the animal through conduction and radiation were more efficient. With a pending high heat load situation, reducing feed quality and(or) changing the time of feeding to the late afternoon could be beneficial to the animals in reducing their heat loads.
Introduction
The performance of livestock raised in tropical and subtropical areas is generally poorer than that in temperate climates (Payne, 1981) . Summer heat load causes a reduction in feed and energy intakes (Young and Hall, 1993) and consequently in productivity (Blackshaw and Blackshaw, 1994) . In cattle, this can result in decreased growth rate (Turner, 1984) , lower milk production (Wolfenson et al., 1988) , and reduced reproductive rate (Brown, 1974) .
Beef cattle maintain body temperature within a narrow range (Bligh and Lampkin, 1965) . Apparently, this allows for maximum production. Body temperature is determined by heat input from metabolic heat production (HP) and solar radiation and by heat output through evaporative and nonevaporative avenues. When heat loss does not attain heat gain, heat is stored, with a resultant increase in body temperature. Although some large animals use thermolability as an adaptive strategy to tolerate heat stress, this does not seem to be so with cattle. Beede and Collier (1986) discussed three approaches that can improve productivity in cattle raised in hot climates: 1 ) protection from solar radiation (Buffington et al., 1983) ; 2 ) use and genetic development of heat-resistant breeds (Finch, 1986) ; and 3 ) improvement of nutritional management. In addition, the timing of feeding can affect heat production and heat balance. Cattle are generally fed in the morning; the provision of feed to the trough is the greatest stimulus to feeding (Fell and Clark, 1993) . The consumption and digestion of feed increase heat production (Young and Webster, 1963; West, 1994) , and this internal heat production, combined with high air temperatures, can result in heat stress in the animal. This study was designed to determine the effects of dietary quality, solar radiation, and time of feeding on thermoregulatory responses and energy balance in feedlot beef cattle during summer in a subtropical region.
Materials and Methods

Animals and Treatments. Ten growing 12-mo-old
Hereford heifers (345 ± 10.8 kg BW) were used. The heifers were healthy and grazing before the experiment, and their condition was judged as good. They were observed frequently during the study, and no ovarian cyclic behavior was noted. Heart rate radio transmitters (Telonics, Mesa, AZ) were implanted in six of them, approximately 1 mo before commencement of measurements. Animals were kept individually in open feedlot pens, each 40 m 2 . Shade was provided over approximately half the area of each pen: galvanized-iron sheets, at a height of 2.2 m, covering 11.5 m 2 , and 70% shade cloth, at a height of 4 m, covering 12 m 2 . The study was conducted during the summer (January−March) of 1993 in southeast Queensland, Australia, a subtropical region with summer temperatures commonly over 30°C. During the study, animals were either exposed ( EXP; not offered shade) to or protected ( PRO; offered shade) from solar radiation. They were offered either a high-ME diet ( H) of 10.6 MJ/kg of DM, which consisted of a concentrate:sorghum hay ratio of 80:20 on a DM basis, or a low-ME roughage diet ( L) of 7.2 MJ/kg of DM, which consisted only of sorghum hay. Composition of the diets is presented in Table 1 . The amount of feed given was adjusted so that refusals would be less than 5% of that offered. On each treatment of diet quality or solar radiation, feed was offered either at 0800 or 1630, and the animals had free access to the feed at all times thereafter. Refusals were collected and weighed once weekly. Water consumption was measured volumetrically and recorded daily.
The experimental design consisted of four periods as follows: 1 ) 2-wk adaptation; 2 ) 5-wk first experimental; 3 ) 2-wk adaptation; and 4 ) 5-wk second experimental. Half the heifers were assigned to the H diet and half to the L diet in Periods 1 and 2, and the diets were switched in Periods 3 and 4. In each 5-wk period, two 2-wk periods were assigned to each of the two solar radiation treatments with a 1-wk adaptation period between them.
Measurements. Heart rate ( HR) for each of the six implanted heifers was measured for 5 min every .5 h throughout every day. The O 2 uptake measurements were made on seven heifers, which included the six heifers implanted with HR transmitters, by the use of a face mask, open-circuit respiratory system (Taylor et al., 1982) . The accuracy was checked gravimetrically by injecting nitrogen into the mask (McLean and Tobin, 1990) . Energy expenditure ( EE) was calculated assuming 20.47 kJ/L of O 2 (Nicol and Young, 1990) .
Simultaneous HR and O 2 uptake measurements were made for each of the implanted animals on each treatment during two consecutive days when at rest. Each measurement was made over 15 to 20 min between 0700 and 0830 before the morning feed and between 1400 and 1530 in the afternoon. Data were averaged every 5 s, recorded on a data logger (MiniLogger™, Mini-Mitter Co., Sunriver, OR), and transferred to a laptop computer for processing. For analysis, the data were pooled over 30-s intervals. For each such simultaneous measurement of HR and O 2 uptake, the O 2 pulse was calculated as the O 2 uptake per heart beat.
Respiration rate ( RR) was measured by counting the rate of flank movement, and rectal temperature ( Tr) was measured with an electronic thermometer (accuracy to .1°C ) in all 10 heifers.
Daily EE of the heifers for each trial combination was calculated from multiplication of the total daily heart beats by EE of one pulse. The relationship of HR to EE was established for each individual animal for each dietary regimen (Brosh et al., 1994 (Brosh et al., , 1998 .
Meteorological data, including air temperature ( Ta) , black globe temperature ( BG) , and relative humidity ( RH) , were collected between 0700 and 0830 before feeding and between 1400 and 1530. Black globe humidity indices ( BGHI) were calculated (Buffington et al., 1981) .
Calculations and Statistical Analyses. Dry matter intake, metabolizable energy intake, and water consumption were measured in the 10 heifers, whereas EE and retained energy were determined for only the six heifers that were equipped with heart rate radio transmitters. These variables were calculated for each 2-wk subperiod of diet and solar radiation treatment and were analyzed by ANOVA random block design, with animals as blocks, for the effects of diet, solar radiation, and their interaction. Respiration rate and rectal temperature were available for 10 heifers, HR for six heifers, and O 2 uptake for seven heifers. For each of these variables, 32 measurements were made for each heifer: two replicates in the morning and two replicates in the afternoon, during two consecutive days, in each treatment of diet, solar radiation, and time of feeding. These variables were analyzed by ANOVA of a random block design, with animals as blocks, for the effects of diet, solar radiation, time of feeding, time of measurement, and their interactions.
Because the interaction of all four variables was not available by this design, a paired t-test within animals was used where applicable to analyze for differences between measurements (i.e., between morning and afternoon measurements within a treatment). All analyses were made using Genstat 5 Release 3.2 (Lawes Agricultural Trust, 1995).
Results and Discussion
Meteorological data are presented in Table 2 . The greatest environmental heat load was recorded during the afternoon in the EXP pens.
The actual ratios of concentrate to sorghum hay DMI on the H diet were 80.0 ± .17 : 20.0 ± .17 for the PRO heifers and 80.6 ± .36 : 19.4 ± .36 for the EXP heifers. Dietary ME was 10.63 MJ/kg of DM and 10.65 MJ/kg of DM for the PRO and EXP heifers, respectively.
Heifers on the H diet consumed 1.38 times the water, 1.76 times the DM, and 2.59 times the ME consumed by the heifers on the L diet. Differences between diets were all significant (Table 3 ). In contrast, solar radiation did not have an effect on any of these three measurements. The interaction between dietary ME and radiation, however, did have an effect on water consumption. Results in this study were similar to those for Merino sheep, as obtained in a study in which shade was not related to patterns of drinking or feeding (Johnson and Strack, 1992) . However, they were unlike results reported for Jersey and Holstein cows in lactation because shaded cows consumed more total feed than cows not shaded (Mallonee et al., 1985) .
Dietary energy and time of measurement had an effect on Tr, RR, HR, and rate of oxygen uptake (VO 2 ) , and solar radiation had an effect on Tr and RR but not on HR and VO 2 . Time of feeding had an effect only on VO 2 , but there were significant interactions between time of feeding and diet on VO 2 ; time of feeding × diet × radiation on HR; and time of feeding × diet × time of measurement on Tr, HR, and VO 2 (Table 4 ). Thus, time of feeding exerts an effect on the animal mainly in conjunction with other factors. Measurements of Tr, RR, HR, and VO 2 are presented in Figure 1 , and the corresponding statistical analysis is summarized in Table 4 .
The percentage change between morning and afternoon RR, Tr, HR, and VO 2 and the effect of diet, solar radiation, time of feeding, and their interactions are Table 5 . The main effect that caused an increase in HR and VO 2 from morning to afternoon was the time of feeding (Table 5, Figure 1 ). In addition, the interaction of either diet or radiation and time of feeding was significant. The RR and Tr increased greatly in the afternoon owing to the heat load; it increased more so when the heifers were exposed to solar radiation and to even a greater extent when combined with feeding the higher ME diet. Because eating caused an increase in the intrinsic heat load, feeding in the morning increased the heat load during the late morning to early afternoon, when there was much solar radiation, to a greater extent than did eating in the afternoon, when there was less solar radiation in the late afternoon to evening. Consequently, the increase of RR and Tr from morning to afternoon was greater when the feed was given in the morning rather than in the afternoon. Despite the larger heat load induced by solar radiation, the morning Tr of the EXP heifers was significantly ( P < .05) lower than that of the PRO heifers, under all feeding regimens. The largest difference between morning and afternoon Tr was 1.5°C, which was recorded under the highest heat load conditions (i.e., the morning-fed H diet regimen). This fluctuation in Tr is similar or slightly less than the nyctothemeral variation in deep body temperature of Hereford and Zebu cows and of three breeds of African cattle under conditions that did not produce heat stress (Bligh and Harthoorn, 1965; Bligh and Lampkin, 1965) . Body temperature responses in this study are unlike those reported for nonlactating Holstein cows in which body temperature was not affected by changes in air temperature, regardless of shade availability (Lefcourt and Schmidtmann, 1989) . The results also differ for those in sheep, a thermostabile animal (Johnson, 1971) . There was no difference in minimum, maximum, or daily body temperature fluctuation between Merino sheep that were inclined to stay in the sun and those inclined to stay in the shade. However, maximum and minimum body temperatures occurred 1 to 2 h later in the shade sheep (Johnson, 1991) .
Even though some large animals use thermolability as an adaptive strategy to tolerate heat stress (Schmidt-Nielsen et al., 1957; Taylor, 1970) , this does not seem to be so with cattle, although there may be some differences among breeds. Two alternate possibilities exist that may explain the results in this study: 1 ) that the EXP heifers were less tolerant of the environmental conditions than were the PRO heifers; or 2 ) that the lower morning Tr of the EXP heifers was an adaptive mechanism that allows an animal to cope with an upcoming heat load; that is, maintaining a lower Tr would require a lower heat production than maintaining a higher Tr.
The HR and VO 2 uptake on the H diet were 2.05 and 1.75 times those on the L diet, respectively. The HR and the VO 2 were significantly affected by the time of measurement, which also interacted with time of feeding, and both interacted with the dietary ME. The HR and VO 2 uptake during the hotter afternoon hours were higher ( P < .05) than in the morning only when the feed was given in the morning, and the difference between the morning and afternoon measurements were larger in the H diet than in the L diet. Solar radiation did not affect HR and VO 2 despite the heat load induced by the radiation and the significant increase in RR and Tr. The afternoon measurement of the morning-fed heifers was taken 4 to 6 h after feeding, whereas, in all the other measurements, a long time elapsed from the feeding time to the measurement. We suggest, therefore, that the HR and the VO 2 of the heifers were affected only by metabolizable energy intake and the intrinsic heat load that was induced following eating.
The effect of time of feed presentation on HR of the heifers during the day is presented in Figure 2A ; the ambient temperatures during these measurements is presented in Figure 2B . Because solar radiation did not affect HR and VO 2 , the EXP and PRO heifers on each feeding regimen were combined into one group of six. On both diets, HR started to increase following the provision of feed to the trough. On the H diet, HR and HP were different ( P < .05) between the two feeding regimens during most of the day (except between 0800 to 1000 and between 1800 to 2000). Thus, HP of morning-fed animals was highest when the heat load from the environment was highest. This pattern was reversed when the feed was given in the afternoon. Then, the highest HP occurred during the cooler hours and permitted easier nonevaporative heat loss from Figure 1 . Respiration rate (RR), rectal temperature (Tr), heart rate (HR), and oxygen uptake (VO 2 ) of heifers (mean ± SE, n = 10, 10, 6 and 7, respectively), in the morning and in the afternoon when animals were protected (striped area) or exposed (clear area) to solar radiation and were fed in the morning and in the afternoon. Heifers were fed low-ME diet (the graph pairs on the left) and high-ME diet (the graph pairs on the right).
the body to the environment. The same pattern was found on the L diet, but differences were significant only between 1000 and 1600. The daily EE and the HP on the L diet was lower than those on the H diet (Table 3) , and, as a result, the intrinsic heat load on the L diet was also lower. Consequently, the relief of heat load induced by the afternoon feeding was less on the L diet than on the H diet.
Daily EE was calculated from the product between average daily HR and the EE per one heart beat, and retained energy ( RE) was calculated from the difference between MEI and EE. Heifers on the H diet had a higher EE and a higher RE than heifers on the L diet ( Table 3) .
As found for HR and VO 2 , EE and RE were affected by dietary ME and not by solar radiation. Heifers on the L diet increased RE by 59 to 74 KJ kg −.75 /d, whereas those on the H diet increased RE by 489 to 525 kg −.75 /d ( P < .05). However, RR was affected by solar radiation, increasing during the hot part of the day, and, therefore, there was an increase in RR without a concomitant increase in energy expenditure. The increase in RR with little change in energy heat production was also found in panting sheep (Hales and Brown, 1974) and oxen (Hales and Findlay, 1968 ). This apparent anomaly has possible explanations. A panting rate at the resonant frequency of the respiratory system allows an animal to pant with little Table 5 . Effect of dietary ME (D), solar radiation (R; exposed vs protected), and time of feeding (Tf; morning, fm and afternoon, fa) on the magnitude of change of respiration rate (RR), rectal temperature (Tr), heart rate (HR), and of oxygen uptake (VO 2 ) between morning and afternoon (percentage of morning measurement)
NS, not significant, † P < .1, *P < .05, **P < .01, ***P < .001. Figure 2 . Heart rate during the day of heifers (mean ± SE) fed low-ME diet (L) and high-ME diet (H); feed was given in the morning (mor) or in the afternoon (aft) (top). Ambient temperature during the days of the HR measurements (bottom).
effect on the internal heat production. Also, any increase in energy expenditure needed by respiratory muscles could be accompanied by a decrease in metabolism of other tissues. There is an increase in blood flow to the respiratory system and a decrease to some other tissues during heat stress (Hales, 1973) .
When the morning-fed heifers were offered the H diet, the daily EE of the EXP heifers was 4.7% less than that of the PRO heifers ( P < .05). Similar results were obtained on Bedouin goats that were either exposed to or protected from solar radiation in the summer and were fed alfalfa hay and deprived of water for 4 d (Brosh, 1985) . The VO 2 consumption of protected goats was 15% higher than that of exposed goats. We suggest that under heat load conditions, acclimated ruminants reduce HP despite an elevated RR. This could be due to an animal's ability to reduce alimentary activity. The splanchnic tissues in growing cattle account for about 45% of the total body HP (Reynolds et al., 1991) , and any reduction in the activity of this system could compensate for an increase in energy of the respiratory system.
We conclude that a high-energy intake, required for a high level of production, is the main cause for heat load in growing cattle and that solar radiation has a minor effect. In fact, high-producing cattle in a hot environment tend to reduce HP under solar radiation.
Implications
Feed quality and not solar radiation had the major effect on heat production. In addition, heat production increased during and after feeding. Feeding in the cooler hours of the day allows easier nonevaporative heat loss from the body to the environment. With a pending high heat load situation, reducing feed quality and(or) providing feed in the late afternoon would be beneficial to animals in reducing their heat loads.
